Seedlings of maize (Zea mays L. cv WF9 x Mol7) growing at low water potentials in vermiculite contained greatly increased proline concentrations in the primary root growth zone. Proline levels were particularly high toward the apex, where elongation rates have been shown to be completely maintained over a wide range of water potentials. Proline concentration increased even in quite mild treatments and reached 120 millimolal in the apical millimeter of roots growing at a water potential of -1.6 megapascal. This accounted for almost half of the osmotic adjustment in this region. Increases in concentration of other amino acids and glycinebetaine were comparatively small. We have assessed the relative contributions of increased rates of proline deposition and decreased tissue volume expansion to the increases in proline concentration. Proline content profiles were combined with published growth velocity distributions to calculate net proline deposition rate profiles using the continuity equation. At low water potential, proline deposition per unit length increased by up to 10-fold in the apical region of the growth zone compared to roots at high water potential. This response accounted for most of the increase in proline concentration in this region. The results suggest that osmotic adjustment due to increased proline deposition plays an important role in the maintenance of root elongation at low water potentials.
apex, resulting in a shorter growth zone. Root radial expansion was also inhibited. In the succeeding paper (18) , hexose was shown to make the major contribution to osmotic adjustment in basal locations. This was due primarily to the growth inhibition in that region, because hexose deposition rates were calculated to decrease rather than increase (18) . In contrast, hexose (and the other measured solutes, sucrose and potassium) accounted for little of the osmotic adjustment in the apical region, where elongation was fully maintained despite very low 0,. These results indicated that other solutes must be preferentially deposited in that region. Because cells close to the apex are only slightly vacuolated, our objective in this paper was to examine the contributions of proline and glycinebetaine to osmotic adjustment. These compounds have been suggested to act as cytoplasmic solutes, which are compatible at high concentrations with metabolism (25, 28) . We show that proline accounts for as much as 50% ofthe osmotic adjustment in the apical region and that this response involves a dramatic increase in the rate ofproline deposition, expressed per unit root length or volume.
MATERIALS AND METHODS

Plant Culture
Osmotic adjustment in the growing region of roots exposed to low 4,2 can be substantial (6, 16, 18, 26) and is considered an important factor for continued root elongation in drying soil (17) . The aim of this series of papers was to identify the mechanisms by which osmotic adjustment occurs in the primary root of maize seedlings.
In growing regions, osmotic adjustment could occur by two basic mechanisms: (a) a decrease in the rate of tissue volume expansion and, therefore, in the rate of osmoticum dilution and (b) an increase in the rate of osmoticum deposition (i.e. in the net addition of solutes to the osmotic pool). Clearly, an increase in osmoticum deposition could contribute to growth maintenance at low . In the first paper in this series (19) , longitudinal expansion of maize primary roots at low 4 containing vermiculite of different il6, and grown in the dark at 29°C and near-saturation humidity, as previously described (19) . The four treatments used were the same as for the measurement of expansive growth distribution and osmotic adjustment described in the preceding papers in this series (18, 19) ; vermiculite i/', were approximately -0.03, -0.2, -0.8, and -1.6 MPa.
Solute Contents
Previous work (18, 19) showed that root elongation rates and root tip 4,6, were constant in all treatments by the time roots had attained a length of 5 cm (20-45 h after transplanting, depending on treatment). Roots of approximately this length were harvested after selection for uniformity of root elongation rate (±15% of the mean). Mean elongation rates were very similar to those reported previously (18, 19) , varying from 3.1 mm h-' at high 41, to 1.0 mm h-' at -1.6 MPa. The apical 0.5 mm was excised to remove a major portion of the root cap, and the apices were sectioned into 10 serial segments 1125 using a cutter block containing razor blades spaced 1 mm apart. This encompassed the elongation zone, which extends for approximately 10 mm from the apex at high 4', and is progressively shorter as the i' decreases (19) . Segments were collected by position and kept in capped vials in liquid nitrogen until the desired number of roots had been sampled and were then weighed, freeze dried, and reweighed to obtain the weight of water by difference. Harvesting was carried out inside a chamber of near-saturation humidity.
Proline was measured on four to six sets per treatment of 40 segments per position. Samples were extracted in 80% ethanol as described previously (18) or by homogenization in 10 mL 3% (w/v) sulfosalicylic acid, and proline was assayed by the acid ninhydrin method (2) . Tests Os = -RTn/V from the first paper in this series (19) . Division of deposition rates per mm length by the local water volume (mm3 per mm length, from Sharp et al. [18] ) gave deposition rates per mm3 of tissue water. Further definition of terms is given in the preceding paper (18) .
RESULTS
Spatial Distribution of Proline
The concentration of proline was low (3-5 mmolal) throughout the apical 10 mm of roots growing in vermiculite of high Ow (Fig. lA) . At low Ow, in contrast, proline concentrations were very high, especially toward the apex. The increase in concentration was progressive with decreasing ow. 
where R is the gas constant, T the absolute temperature, V the volume of water, and n the number of mol of solutes.
Numerical Methods
Methods for calculating proline deposition rates were adapted from Silk et al. (20) and were as reported previously for other solutes (18 96, 1991 assayed in the first mm was 20 times higher than in the same location at high ,t'. In addition, as shown previously (19) , root radial expansion was inhibited at low . This resulted in a progressive decrease in water content per unit length throughout the elongation zone as the ,tK decreased (18) , which also contributed to the increase in proline concentration (compare the relative increases in proline concentration and content in Fig. 1, A and B) .
Proline Deposition Rates
The spatial distribution of proline deposition rates in roots growing at high 4, and in the lowest 0/', treatment (-1. proline deposition. In the apical 4 mm, the rate of proline deposition per mm length was increased at low 0,Aw by as much as 10-fold compared with the high O,, treatment ( Fig. 2A) .
Further from the apex, deposition rates were greater at high than at low saw. Nevertheless, integrating the rates over distance showed that the total rate of proline deposition in the apical 9 mm was greater in each of the low O/', treatments than at high 0w ( Fig. 2A, inset) . Expressed per unit of water volume, the increase in rate of proline deposition in the apical region at low 0/,, was even greater (Fig. 2B ) because of the lower water content per unit length. The proline deposition rate profiles shown in Figure 2 were calculated assuming that proline contents at each spatial location were constant, i.e. local rates of change (the first component in Eq. 2) were negligible. This assumption is validated by the fact that, in each treatment, the sets of roots assayed for proline were deliberately sampled at different times during a 10-h period, and no trends toward increasing or decreasing proline content profiles with time were observed. The assumption of steady solute concentrations is also supported by the constancy of root tip Os at the respective sampling times for each treatment, as reported in the preceding paper (18) .
Spatial Distribution of Amino Acids and Glycinebetaine
A complete analysis of free amino acids was conducted to determine whether the concentration of any amino acids, in addition to proline, increased substantially in response to low sa. Measurements were made for roots growing in the high saw and -1.6 MPa treatments only and are shown for 1, 5, and 10 mm from the apex in Table I . Proline concentrations measured in these analyses were similar to those shown in Figure lA . It is clear that the increases in concentration of proline at low 41,, were much larger than those of any other amino acid. Notably, proline was the only amino acid to show a large increase in the apical mm. At this location, proline made up approximately 70% of the free amino acid pool at low P,,, compared with only 7% at high saw. Even in basal regions where proline concentrations were lower, proline still accounted for more than one-third of the amino acid pool at low 0,,. After proline, asparagine showed the largest increase in concentration at low sw. Asparagine concentration increased the most in basal locations, where a change of approximately 30 mmolal occurred so that asparagine accounted for 25% of the amino acid pool. Changes in concentration of other amino acids were relatively small. Methionine, isoleucine, leucine, tyrosine, and tryptophan were the only amino acids to decrease in concentration at low s The concentrations of all other amino acids increased slightly or were unchanged.
Glycinebetaine levels were also determined, but were low (<1 mmolal) at all locations in both the high OK, and -1.6
MPa treatments (data not shown).
Contribution to Osmotic Adjustment Figure 3 shows the profile of change in As that can be attributed to the increased concentrations of solutes measured in this and the preceding paper (18) 
DISCUSSION
As stated in the "Introduction," osmotic adjustment in growing regions could result from either decreased rates of solute dilution due to inhibition of volume expansion and/or increased rates of net solute deposition. Our results show that the dramatic increase in the rate of proline deposition that occurred toward the apex of roots growing at low 4,6, played a major role in the osmotic adjustment ofthat region. Although we showed previously that the rate of volume expansion was inhibited at low 4,,, throughout the growth zone (19) , in the apical region this was due only to reduced radial growth; longitudinal expansion close to the root apex was completely maintained despite very low 04w. As a result, the rate of osmoticum dilution in the apical 2 to 3 mm was decreased by approximately 50% (18) , which in itselfcould only account for a doubling of solute concentrations. Therefore, most of the 30-to 40-fold increase in proline concentration in this region resulted from the increased rates of proline deposition per unit root length ( Fig. 2A) . Decreased proline dilution could not account fully for the increase in proline concentration even if the growing zone was considered as a whole, because the total rate of proline deposition in the apical 9 mm was greater in the low 44 treatments than at high 04' (Fig.   2A, inset) . These results contrast with those for hexose reported in the preceding paper (18) , which showed that hexose deposition rates were increased at low 0,6 only on a volumetric basis; per unit root length, hexose deposition was not increased at any location in any of the low 44w treatments. Therefore, the large increases in hexose concentration in basal locations of the growth zone were mainly dependent on decreased rates of hexose dilution. Our proline results provide the first clear demonstration of a major role for increased rates of solute deposition in the osmotic adjustment of growing regions in higher plants exposed to low 4',,.
It is important to consider the possible mechanisms causing the increase in net proline deposition at low 41',. In this series ofpapers we have assessed quantitatively the effects ofreduced root volume expansion on solute dilution. However, growth inhibition can also influence solute pools by affecting rates of solute utilization. Previous work showed that root dry weight gain was decreased substantially in each of the low /,6 treatments compared with roots growing at high 44w (19) . Most probably, therefore, the rate of proline utilization in protein (18) . Contributions of proline and other amino acids were calculated from Figure  1A and Table I , and amino acid data from the third and seventh mm from the apex (not shown in Table I ). synthesis was also decreased. Nevertheless, in view of the preferential maintenance of root growth toward the apex, it is unlikely that decreased protein synthesis within the apical region itself could account for the dramatic increase in proline deposition in that location. Also, proline was the only amino acid to increase greatly in concentration in the apical region, which would not be expected if decreased protein synthesis was the primary cause of the response. On the other hand, the comparatively small increases in concentration of several other amino acids occurred only in basal locations where growth was more severely inhibited.
Both increases in rate of proline synthesis (3, 13, 24) and decreases in rate of proline oxidation (13, 23, 24) have been reported to occur in response to low 4'w treatments in a variety of plant systems. It is noteworthy, however, that Oaks (11) reported that proline synthesis in the primary root tip of maize was deficient, so that at least some proline must be imported into the growing region. This result, although confined to roots at high 4/'w, questions the likelihood that increased local synthesis rates caused the increase in proline deposition observed in the present study. No information concerning the effects of low iw on proline oxidation in maize root tips is available.
Whatever the metabolic basis for the increase in proline deposition rate in roots growing at low i/w, this response is more dynamic than would be expected if osmotic adjustment was merely an inevitable accumulation ofunused solute when growth is inhibited (9, 22) . The present results strengthen the previous conclusion (18) (25, 28) . On a bulk tissue basis, the highest proline concentration in roots growing at low 4'w occurred close to the apex, where the largest proportion of the total tissue volume is cytoplasm. Proline concentrations decreased with increasing distance from the apex, correlating with progressive vacuolar development through the growth zone. Similarly, Goring et al. (5) reported a large increase in proline concentration 1 to 2 mm from the primary root apex, but not at greater distances, when maize seedlings were exposed to various osmotic stresses. Proline concentrations were also higher in meristematic than in mature regions of shoots at low q/w (10, 14) . In contrast, we observed that hexose concentrations in the root growing zone increased with increasing distance from the apex (18) , suggesting that hexose may be compartmentalized primarily in the vacuoles.
Glycinebetaine has also been suggested to act as a compatible cytoplasmic solute (27, 28) but in contrast to proline was present in very low concentrations throughout the root growth zone in all treatments. The tendency to accumulate glycinebetaine at low Ow varies widely among species (27) and also among maize inbred lines (4) . The cultivar we used was a cross between two of the higher glycinebetaine-accumulating lines, WF9 and Mo 17. Glycinebetaine is often present in lower concentrations in roots than in shoots, however (27) .
There has been considerable controversy concerning the adaptive significance of increases in proline concentration in tissues experiencing low t'. The response has been commonly observed, but in some cases negative correlations with plant performance have been reported. This has led to suggestions that proline accumulation may be merely a symptom ofsevere stress (7, 24) . In the maize primary root, this does not seem to be the case. Large increases in proline concentration occurred in tissues that were still growing at high rates and were observed even in fairly mild treatments. The concentrations of proline were large enough to make an important contribution to osmotic adjustment; almost half of the 0.65 MPa decrease in 4/s close to the root apex in the lowest 4/w treatment (18) was due to proline alone. Moreover, recent work in this laboratory (21) has shown that, in this treatment, the mean turgor is only approximately 0.3 MPa throughout the growing region (compared with 0.7 MPa at high 4w). Thus, the APs contribution of proline close to the apex, where elongation was fully maintained, was approximately equal to the magnitude of turgor. We conclude that osmotic adjustment due to increased proline deposition probably plays an essential role in the maintenance of maize primary root growth at low ,W.
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